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@ Introduction to exotic spectroscopy
@ The LHCb detector

@ Pentaguark studies
» Evidence of a J/@ A structure in =, - J/W A K decays
» Evidence of J/Y p (p) structures in B% = J/Y p p

@ Selected tetraquark studies
> Tetraquarks observation in B* - J/y ® K*

> Observation of doubly charmed tetraquark in prompt D° D° 1t* decay

@& Conclusions and outlooks




Introduction

Hadron spectroscopy very important to probe low-energy non-perturbative QCD ‘
dynamics |

/ ‘\ mesons

Quarks are confined in baryons and mesons ‘ @

-\
(conventional hadrons) ‘
baryons \\ ‘/

| | (9q49)

different multi-quarks compounds tetraquarks
are also allowed

(exotic hadrons) (qqqqq_)

pentaquarks

Multiquarks states are first predicted in 1964 in quark model original paper, by M. Gell-
Mann and G. Zweig.




( First exotic candidates

Tetraquarks and pentaguarks have been observed !

[PRL 91 (2003) 262001]

First tetraquark observation from Belle in 2003
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[PRL 115 (2015) 072001]
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First pentaquark evidence from LHCb < 400
in 2015 =
l Ay — JfYp K g =

P(4450) in J/y p mass
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Not yet clear the nature of these compounds
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A forest of new states

62 new hadrons discovered at LHC and 18 of them are “exotic”
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Though quantum chromodynamics naturally allows the existence of states beyond
conventional mesons and baryons, the detailed mechanisms responsible for binding
multi-quark states are still largely mysterious.
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The LHCDb experiment
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bb production angles

7"1 @ All kinds of hadrons can be produced

| @ Large statistics: 6x10* b b-bar /sec @ 13 TeV

@ Powerful particle identification

& Good momentum resolution

@ Very high vertex resolution: o, = 20 um on B and D
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7 LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018
Single arm spectrometer, 25% of b'D pairs B F| + wvesestemimmionn | R
H Lo [ L] 2016 (6.5 TeV): 1.67 /fb ota -1
produced in the acceptance = o e /
é, T é_ : 2011 :3:5 T:V:; 1:11 :fb _’
é = 2010 (3.5 TeV): 0.04 /fb
Designed for heavy flavor physics measurements 3 °d
g 5H o‘\
B @4 S >| LSt
Unique kinematic region: high = 3-}?_ @,%w __________________
rapidity (2.0 <y < 5) and low pT 2 PN\ )
£ f |
05— :

N

010 2011 2012 2013 2014 2015 2016 2017 2018




Evidence of J/Y A structure in the
E_b — J/l.lJ /\ K_

Science Bulletin
Volume 66, Issue 13, 15 July 2021, Pages 1278-1287




Yield / (6 MeV)

Study =

b = JWAK

1800 =~ J/Y A K decays selected

N\ K spectrum dominated by =(1690) and =(1820)
excited states

15

10

Candidates / (5 MeV)

Sci.Bull. 66, 13, 1278-1287 (2021)
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Searching for pentaquarks in B%s = J/W p p

Science Bulletin
Volume 66, Issue 13, 15 July 2021, Pages 1278-1287




B - —

E—

P o

invariant masses

B% — J/P p p: selection

Decay very clean, good candidate for pentaquarks searches in
JIY p and J/P p and for glueball in pp system

~ 800 B — J/Y p p decays selected in 3o region with 15%
background and 85% purity

Dalitz plot shows hints of structures in 3/ p and J/Y p

Amplitude analysis of the B°% candidates performed.
Three interfering decay chains are considered in the

amplitude model

B) — J/¢ X (— pp)
B) — P (= J/vYp)p
B) = P (= J/Yp)p

4D phase space
{myp,cos b, cosb,, p}

Sci.Bull. 66, 13, 1278-1287 (2021)
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Sci.Bull. 66, 13, 1278-1287 (2021)

( B°% = J/Y p p amplitude analysis

First Fit performed with a non resonant decay + background (baseline) x° = 64/38 p—value =4 x 107°

In the second model two resonant contributions from P*. and P~ are added, with identical masses,

widths and couplings (baseline + Resonant contribution). Y2 /n.d.f. = 0.998 + 0.008
New pentaquark-like states P*. and P~ (uudc c) with significance between 3.1 - 3.70¢
Mp, = 43373(5““) + 2(sys)MeV, P:(4337) not consistent with previously observed P. states
I'p, = 297:%3 (stat) & 14(sys) MeV None of the J® can be discarded
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Observation of new X - J/y & and
Z.s— JIP K" states in B - J/P & K*

PHYSICAL REVIEW LETTERS 127, 082001 (2021)




( B* - J/Y ® K* analysis with Runl data

¢ The decay B* - JIy & K* was first studied with Runl data

PRL 118, 022003 (2017)

« An amplitude analysis was performed using ~4000 signal events in order to see possible
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Distribution of m(J/y @) and m(J/Y K*) together with the amplitude analysis fit
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¢ Four different X - J/ @ resonances observed: X(4140), X(4274), X(4500) and X(4700)

¢ Hint for a possible structure in J/ K* spectrum (Zcs ?)
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B* - J/Y ® K* analysis with full LHC

¢ Analysis repeated on full dataset and improved selection

~24K signal events (x6)

« Efficiency improved by 15% and the background

reduced by factor 6

@ Clear structures in the Dalitz plots, both in the J/¢ ®

and J/Y K* masses
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« 6D amplitude analysis to decouple all resonant

contributions (K**, X, Z*cs)

¢ For each decay chain (K**, X, Z*.) six variables in

the fit (mass and five angles)
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PRL 127, 082001 (2021)
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PRL 127, 082001 (2021)

B* - J/Y ® K* analysis with all data
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Model used in the Runl analysis not completely satisfactory to reproduce data.

Need to add other exotic states (X, Z*cs).
15
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/ PRL 127, 082001 (2021)

B* - J/Y ® K* analysis with full LHCb dataset

Contribution Significance Fit results
My [MeV] Ty [MeV] FF%

X(2)
X (4150) 8.70 4146 £18 135+28 2.0+0.5

X(17)
X (4630) 5.70 4626 £16 174 +27 2.6+£0.5
All X(0F) 195+438
X (4500) 200 4474+3  TT+£6 56407
X (4700) 180 4694 +4  87+8 89412
NRj/ye 5.70 28.0 + 7.5
All X(17) 26.0 + 3.4
X (4140) 160 4118 £11 162+21 172429
X (4274) 18 4294 +4  53+5  2.8+0.49
X (4685) 150 4684 +7 126+15 T7.2+1.0
All Z(1) 25.0 + 4.9
Zs(4000) 160 4003+6 1314+15 94+21
Z.+(4220) 8.40 4216 £24 233452 10.3+3.8

Resonances observed in the Runl analysis confirmed

Two other X - J/y @ states, X(4630) and X(4685), were observed.

Two Z.s* — JIP K* states were observed, both with > 50
The JP of Z.s(4000) and X(4685) are firmly determined to be 1*
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Doubly-charmed tetraquark T+

arXiv:2109.01056v2 [hep-ex] 3 Sep 2021 ‘
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arXiv:2109.01056v2

( Search for exotic state in prompt D° D° 1t*

DO
« DC reconstructed via the D° — K* 1" decay DO
« All the three patrticles are required to come from the same p-p Tt
interaction /
« To subtract background not originating from two D° candidates D _ﬂi}q_ P

an extended fit to the two-dimensional distribution of the
masses of the two D° candidates is performed

@ Two-dimensional distributions of the mass of one D candidate versus the mass of the other D
candidate from selected D°D°rt* combination is shown.

« This distribution illustrate the relatively small combinatorial background
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S — — e il

. . background
known value in the fit total
D**tD? threshold

|

I:” . ) . A . arXiv:2109.01056v2
. Observation of T'.c - D°D° 1t
g& 70 : | §\4é I . ‘ ' - ‘ T
@ A narrow peak near the D™*+D° mass =  LHCL 5m
threshold is clearly visible z oot BN + ;
= | = ? E
@ Signal model: detector resolution @ % 20 ‘ | i f I
I unitarised three-body BW function (U) E 40 | ¥ 4 N +
| » The typical mass resolution ~400 keV is 4 data = 3@4 3876
reached by constraining the DO mass to the 30 I D D whoit |GV

-i—H-fIlIIIII[IIIllIIIIIIIIIIIIIIIIII

II:IIIIlIIII|lIII|IIII|IIII|IIII|IIII

20 * ————  D*OD* threshold * +
5771(] = My — Mp=+ — 1Mo 10 Mﬁ #ﬁ#ﬂ’i #jﬁﬂ»%% %H‘
Parameter Value 0 tlt_ o :
3.87 3.88 3.89 [ 3. }9
N 186 4 24 MpOp0,+ GeV/c?
dmy —359 4 40 keV/

« The narrowest exotic state observed to date
« Consistent with expectation for ground isoscalar T*. (cc u d) with J° = 1*

« The existence of T*. suggests the existence of T, (bb u d) that should be stable for
strong and electromagnetic interaction 19
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( Conclusions

Presented only some of the results on exotic states at LHCb

> Evidence of a J/Y A structure in =,- - J/Y A K'decays

> Evidence of J/Y p (p) structures in B% = J/Y p p

> Tetraquarks observation in B* — J/P ® K*

> Observation of doubly-charmed tetraquark T*..— D° D° 1t

In order to confirm and better investigate these results
more data is needed

HL-LHC ERA

Fg
3fb? +6 fb1 23 fb?! 50 fb1 300 fb!
2011-2012 2015-2018 2022-2024 2027-2029 2031-...
Run1 Run 2 Run 3 Run 4 Run5...
Current LHCb LHCb Upgrade 1(a) LHCb Upgrade 1(b) LHCb Upgrade 2
4 >
Thank you for listening ! 2

ﬁﬁCb
- = A







Observation of new pentaquarks states P.*
NN\, - J/P pK

PHYSICAL REVIEW LETTERS 122, 222001 (2019)




PRL 122, 222001 (2019)

Study N\p» - J/P p K

D

@ Decay very clean to select, with BF ~ 3x10*
@ 2.5x10° N\ - J/P p K decays selected (Runl+Run2)
@ Study of the invariant mass of the J/y p system

1200
——data

—total fit |
— background

LHCb

S 1000 preliminary

(0]
o
o

@ Confirmed the preliminary results of the Runl
analysis, P.(4440) and P.(4457), plus a new narrow 500
resonance P¢(4312)

Weighted-candidates/(2 MeV)

400 .
P.(4440)

+

@ Many variations of the m(J/y p) fits are performed to k Pc(43?12)
study the robustness of the measured P.* properties 200 ’
- With or without m(p K) > 1900 MeV/c to avoid A* %i,_, Ol ,\,\.\.44444. "
Contamination 4200 4250 4300 4350 4400 4450 4500mjffPMec\t}3]00

State M [MeV] ' [MeV] (95% C.L.) R [%]
| P (4312)* 4311.9 £ 0.7153 9.8 +2.741 (<27) 0.30 & 0.07% 59
P, (4440)* 4440.3 + 1.3+ 20.6 + 49157, (<49) 1.11 4+ 0.337022
P (4457)* 44573 + 0.6+ 6.4 +2.03] (<20) 0.53 £ 0.16103

@ Since all three states are narrow and lie just below the . D° and .* D*°, they provide
a possible experimental evidence for the existence of bound states of a baryon and a ’s
meson




Observation of a
four-charm-quark tetraquark

Science Bulletin
Volume 65, Issue 23, 15 December 2020, Pages 1983-1993




Sci.Bull. 65, 23, 1983-1993 (2020)

Observation of a four-charm-quark tetraquark

J
Selection of events with two prompt J/ directly from the same IP /¥

S/
J/IY reconstructed via J/y - p*y- decay : /

p 4 4&4— p
J/Y from b and pile-up background suppressed using vertexing o
information
About 34k di-J/ signals collected
= T [ T T T T T T 3
g ™ N T 000 BEED il e :
§ 2500 iR % 180 = ——+— 3.065<M,, <3.135 GeV/c? =
] - JIY +okg, S 160 = ﬁ ——— 3.00< M, <3.05 GeV/c or =
é 1500 0 140 + 3.15<M,, <3.20 GeV/c?, normalised —
g 1000 4.8 - =
§ 300 \m 1(2)8 §: ﬂ#ﬂHH H H mH H mﬁ # * + + E
8 Teodtft At T R M E
5 80 | AR TR
3200 = E 60 ? t + + ++ H+ ++ +++++++++ ++++é
S 40F =
< - =
I 3150 O 20 ;*«*».”o‘Mr’w**.*’m+T++*”*’,W"*.m*“‘."“+”.+’“”*fw“’.***“"T‘“”‘*.s‘*"'.‘ﬁ“g
6200 7000 8000 9000

M 51, MeV/c?)

Candidates / (5 MeV/c2)?

@ Clear structures for m(J/y J/P)<7.4 GeV/c?

& No structures in the J/Y side-bands sample

300:?000 3050 3100 3150 3200

M2, MeV/e?)

& Broad structure in 6.2-6.8 GeV, just above the mass threshold

& Narrow structure at 6.9 GeV and hint for structure at 7.2 GeV
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Fit of the J/W-pair invariant mass  _ =~
S eCtru m SL) 200 i_ LHCb pg’"Y>52GeVic _i
o 180 ——— 3.065< M, <3.135 GeV/c> =
p > 160 # e 3.00<M,, <3.05GeV/c? or =
0 140 ;— 3.15< M, <3.20 GeV/c?, normalised —;
Model 0: No structures, sum of the non resonant SPS % }(2)8: ++MH+H % +++H ﬂm } E
(NRSPS) and DPS production. & o gﬁ ++++ s ﬂ#+++++#++++++++++++++++H+++ o
= | }
in 6.2-7.4 GeV range rejected by 60 T ok u é
O 20- m‘#ﬁ“ B +¢*¢ +**ﬁ+¢.+m* M*’* +.¢¢+***¢*m¢¢*¢*ﬁ*,*,‘*, .m‘# s, ’,o’.»g‘
Model 1: A resonance at 6.9 GeV and two S-wave relativistic $00- 7003” (MeVE;gg()) L
BW at the threshold 220 i

@ Significance of the resonances at the threshold > 60 %200 _— | +”"‘;
@ Significance of the T(6900) > 50 . 160 ‘ — - i
e Difficult to model the dip at 6.8 GeV 7 a0E —
m[X (6900)] = 6905 + 11 4+ 7 MeV /c? % 128
L'[X(6900)] = 80 & 19 + 33 MeV /c? L
Model 2: A wide BW interfering with SPS, a second BW for En o

p-9 GeV peak 900 7000 8000 9000
@ Fit quality improve from P(x?)= 4.6% to 15.5% Mdlm,, ﬂVIeV/cz)
I e Significance of the T(6900) > 50 o

m[X (6900)] = 6886 + 11 & 11 MeV /c?
L'[X (6900)] = 168 =+ 33 & 69 MeV /c?

—I— Data

s Total fit

=== Resonance
== = Interference

B3 mterference BW
B vrs

== NRSPS

Non trivial structures in the spectrum
First evidence of a four charm-quarks tetraquark T(6900)

Weighted candidates / (28 MeV/c?)

cccce

8200 7000 8000 9000
Mg g, MeV/ c?)
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( Z.s results

The Z.(4000) peak is particularly clear in two J/{p ® mass
regions

Resonance character of Z(4000)

2 [GeV?]

confirmed by the Argand diagram,
obtained by independent line shape fit

300 '
r 1 S
250 F

E LHCb
200 F 4 pata 9 b

150 _ + Total fit
F -4 No Z,, fit
100 F — Z.(4000) §

BESIII recently reported the observation
of Z.s(3985) in the DsD*+DDs" mass

The states have similar masses, but

Candidates / (10 MeV)

50 F

—r—r
€(4.25,4.35) GeV

I T T L)
my,,, € (435,44

1 -
5) GeV

different widths: no evidence that Z(4000) ——
IS the same as Z(3985) seen by BESIII '
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Study of the decay Bs— J/Y 1" 11" K* K-

JHEP02(2021)024 ‘

28




K-

x10°

Study of the decay Bs— J/ " 1" K*

15

@ Study of possible structures in J/Y 1t* T and J/P K* K- masses

@ Search for exotic x1(3872) meson, first observed in the mass
spectrum of J/ 1t* 1" at Belle, and confirmed by other experiments.

Candidates/(5 MeV/c?)

@ ,1(3872) state confirmed in X1(3872) - J/Y 1" 1T
@ Bs - J/Y K*K* and Bs - X1(3872) K* K observed for the first time

@ Precise measurements of the ratios of BF between intermediate
Xc1(3872) ®, X1 (3872) K* K-, J/P K* K*, P(2S) O states

- 26500 S|gnal decays

LHCb

[ BV Jpmt e KK~
*  ——— background
total

@ Confirmed the quantum numbers J°¢ = 1**, which disfavours an i S
assignment as a conventional charmonium
BY = x1(3872) KT K~ BY - Xcl(3872) ¢
150 7 60T )
N LHCD § Bl :101<mK+K <103GeV/c LHCb 1
% [ 5350 < Myt - gtx- < 5384 GeV/c? % 50[ 5:350 < M yppnt p-g+K- < 5:384 GeV/c? -
| : = -
= 100 J{ . =
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Study of the decay Bs— J/ 1" 1T K* K-

@ A selection of J/{p & events is performed requiring

= m(K*K) < 1.06 GeV/c?

- Excluding the J/Y 1t* T mass region around ®(2S) and X2.(3872)

« A combined two dimensional fit is performed to the m(K+K-) and _
m(J/P K+K-11+T11-) Selecting the Bs and the @ signals and then a sPlot 0.4

3
18X10°

L6E 1:01 < mycoi— < 1.03GeV/c? LHCb 1

i A [ BY— Jwntn o E

BY — JApmt - KK~ ]
1= T | comb. Jprctn=¢ ]
0.8 —— comb.JAprt - KTK—]
F total _:

1.2F

Candidates/ (5 MeV/c?)

0.6

Is used to obtain a background subtracted m(J/y ®) distribution. 02 P e e
0 P R I 5 5 T ¢
5.3 535 54 5.45
@ A clear peak is observed around 4740 MeV in the J/Y @ invariant o, Myprireirk- [GeV/E]

mass, with a significance of 5.50
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@ To exclude the possibility of an interference case, an
amplitude analysis is needed

@ |s this X(4700) the same resonance Xco(4700)
observed in the B* - J/{y ® K* ?

« The measured mass is close to the value expected for

I_T+_||III‘III|III‘II\|III

SR a tetraquark with quantum numbers JF¢ = 2+ 30
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. Further study on exotic Xc1(3872) H1¥S, REV. D 102, 052005 (2020

@ A recent study has been done to make precise measurements of the properties of a mysterious
particle xc1(3872).

Two different, minimally overlapping, data sets used, with x:1(3872) reconstructed via J/{ 1t* 1 decay
= Run 1 (3 fb?) 15500 events of inclusive b - X1(3872) X

I = Run 1 and Run 2 (9 fb!) 4230 events of exclusive B* - X1(3872) K* decays
I _ .
¢ Precise measurements of the mass and the width s i O |
. . . . LHCDH b— x.1(3872)X ot
« The comparison with the decays involving Y»(3823) and G50 i b
Lp_(ZS) together with the tiny (~7O KeV)_mass difference S N A
with the D° D°* mass favors interpretation of the state as Belle B xa(3872)K e
. 0 O% LHCDH pp— xe1(3872)X —e—1
a quasi-bound D°-D°* molecule BESIII e*e- —+ xo (3872)y N
. . . . BaBar Bt — x1(3872)K* e
« Further investigation needed to draw conclusions BaBar BO— xa(S872K°
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